Introduction {#s1}
============

Walking is one of the most fundamental factors in our daily behaviors. The gait dynamics is thought to be generated by the interaction between neural rhythmic activity and physical activity [@pone.0112952-Pearson1], [@pone.0112952-Taga1]. However, because this interaction is difficult to estimate in healthy gait dynamics, we focused on the patients with Parkinson's disease (PD) (as a typical example of neurodegenerative disease) [@pone.0112952-Jankovic1], which causes not only neural rhythm generation disorders, but also physical disabilities. To identify the mechanism of gait rhythm generation, we attempted to examine the relationship between neural rhythmic activity and physical activity in PD patients.

In previous studies, two symptoms were reported as neural rhythm generation disorders in PD patients' walking. One symptom was the increase in the variability of gait rhythm [@pone.0112952-Hausdorff1], [@pone.0112952-Schaafsma1], and the other symptom was a change in the fluctuation property of gait rhythm from the normal 1/*f-*like fluctuation property [@pone.0112952-Hausdorff2]--[@pone.0112952-Hausdorff4]. In healthy young people, gait rhythm is not constant; rather, it changes subtly. This change can be described by a pair of physical measures. One is the coefficient of variation (CV), which represents the variability of gait rhythm. The other is the scaling exponent α, which represents the fluctuation property of gait rhythm and can be calculated by detrended fluctuation analysis (DFA). In particular, the fluctuation in gait rhythm is an important feature of walking. In healthy young people, the gait rhythm exhibits small variation and 1/*f*-like fluctuation properties [@pone.0112952-Hausdorff5].

For each of these symptoms, two types of gait rehabilitation methods using sensory cues have been proposed. One is gait training with rhythmic stimuli, which is based on forced entrainment for human, including rhythmic auditory stimulation (RAS) gait training [@pone.0112952-Thaut1] and treadmill training [@pone.0112952-Rubinstein1]. The other is gait training with rhythmic stimuli, which is based on mutual entrainment with human, such as WalkMate gait training [@pone.0112952-Miyake1]. In RAS gait training, fixed-tempo rhythmic auditory stimuli are input to PD patients [@pone.0112952-Thaut1]. This type of rehabilitation improves mainly the variability of gait rhythm. In other words, RAS gait training decreases CV but does not change α much [@pone.0112952-Hausdorff4], [@pone.0112952-Hausdorff6]. We have been developing the WalkMate system [@pone.0112952-Miyake1]. In WalkMate gait training, rhythmic auditory stimuli mutually entrained with the gait rhythm of PD patients [@pone.0112952-Hove1]. This type of rehabilitation improves mainly the fluctuation property of gait rhythm [@pone.0112952-Hove1]. In one study, α improved substantially, but CV did not change much after four consecutive days of WalkMate gait training [@pone.0112952-Uchitomi1]. These findings suggest that RAS gait training and WalkMate gait training improve different features of neural rhythm generation disorders in PD patients' walking.

Conversely, PD patients often also show physical disabilities. Postural instability is one of the main motor symptoms of physical disability in PD, and its clinical manifestations are a festinant and shuffling gait, poor postural alignment, and defective postural reflexes. There are many tests for assessing the postural instability and balance control related to the risk of falling [@pone.0112952-Thorbahn1]. Regarding gait dynamics, the pull test [@pone.0112952-Bloem1], which is a test of postural reflex disorder (PRD), is the most suitable to evaluate physical disabilities during a dynamic state, such as walking.

However, it is not clear whether CV and α, which evaluates the different features of neural rhythm generation disorders, are related to PRD, which evaluate physical disabilities. The purpose of this study was to examine the relationship between the set of CV and α, and PRD on a platform aimed at evaluating the gait rhythm in PD patients, to identify the mechanism of gait rhythm generation. To construct this evaluation platform, we focused on a combination of CV and α, because it can be considered as a feature amount that represents neural rhythm generation disorders. Subsequently, we classified the subjects according to the presence or absence of PRD using the platform for gait rhythm. Furthermore, the severity of PRD in a group of PD patients was classified using the platform for gait rhythm. The modified Hoehn--Yahr (mH-Y) scale [@pone.0112952-Hoehn1], [@pone.0112952-Goetz1] was used as the method of evaluation of the clinical signs of PRD.

In the [Methods](#s2){ref-type="sec"} section, we describe the demographic information of participants, gait task, and the method of measurement of stride interval. Then, we explain the calculation of two dynamic indicators: the variability of the stride interval (CV) and the fluctuation property of the stride interval (α). We mention a linear discriminant analysis using a combination of CV and α, and the classification of PRD using mH-Y. In the [Results](#s3){ref-type="sec"} section, the results of the two classifications are shown, and the accuracy and contribution of CV or α to the classifications are reported. In the [Discussion](#s4){ref-type="sec"} section, we discuss the mechanism underlying neural rhythm generation disorders in PD patients' walking and a potential application of this platform to evaluate the motor symptoms of PD.

Methods {#s2}
=======

Participants {#s2a}
------------

Forty-five patients (21 men, 24 women; mean age ± SD, 69.8±8.2 years) with PD and 17 age-matched healthy people (10 men, seven women; mean age, 70.2±2.8 years) participated in this study ([Table 1](#pone-0112952-t001){ref-type="table"}). The mean disease duration (± SD) was 4.7±3.9 years. The mH-Y classifications and number of subjects were mH-Y 1--2 (*n* = 19), mH-Y 2.5 (*n* = 11), and mH-Y 3 (*n* = 15). All patients were taking at least one of antiparkinsonian medications during the experiment. The antiparkinsonian medications included levodopa/carbidopa, dopamine receptor agonist, selegiline, amantadine, and anticholinergics. Those were taken at maximum two hours before the start time of measurement. All participants could walk without a cane or walker. These experimental procedures were approved by the Kanto Central Hospital Ethics Committee. Before the experiment, we obtained written informed consent from the participants.

10.1371/journal.pone.0112952.t001

###### Characteristics of the participants.

![](pone.0112952.t001){#pone-0112952-t001-1}

  Classification                              Difference between PRD and no-PRD   Difference between obvious-PRD and mild-PRD                               
  ------------------------------------------ ----------------------------------- --------------------------------------------- ------ ---------- ---------- ------
  Age (years, mean ± SD)                                  72.7±7.0                                 68.1±6.9                     0.01   72.5±6.7   72.4±7.5   0.83
  Sex (male:female)                                         15∶11                                    16∶20                      0.31     8∶7        7∶4      0.61
  Disease duration (years, mean ± SD)                      4.9±4.6                                  2.3±3.1                     0.01   6.2±5.5    4.0±2.8    0.35
  mH-Y score in "on" state (median, range)                3, 2.5--3                               1.25, 0--2                     --      3, 3     2.5, 2.5    --

*P* values were calculated using Welch's two-sample *t* test.

PRD, postural reflex disorder; mH-Y, modified Hoehn--Yahr scale.

Gait tasks and measurement of stride interval {#s2b}
---------------------------------------------

Participants walked at their preferred pace along a 200 m round course. We measured gait rhythm once for each participant and calculated the stride interval time series. Stride interval is defined as the time duration between two consecutive foot contacts on the same side. Foot switches (OT-21BP-G, Ojiden, Japan) were attached under the shoes and were used to detect the gait rhythm. The mean number (± SD) of stride intervals was 154±23 strides for the 200 m. Data for foot contact timing were sent to a laptop PC (CF-W5AWDBJR, Panasonic, Japan) via a wireless transmitter (S-1019M1F, Smart Sensor Technology, Japan). The sampling frequency was 100 Hz. We used only the data obtained for the left side because no significant differences between stride interval were observed between the left and right sides (left side: mean = 1.06±0.09 s, CV = 2.73% ±1.09%, α = 0.80±0.21; right side: mean = 1.06±0.09 s, CV = 2.78% ±1.62%, α = 0.81±0.22; *P-*values based on Welch's two-sample *t* test: *P* = 0.97 for mean, *P* = 0.82 for CV, *P* = 0.92 for α). We analyzed the data obtained for the right side in only one patient because a high noise level was observed in the data for the left side. To assess only the stable stride interval phase, the first 10 strides and last five strides (i.e., the transient stride interval phase) were not analyzed.

CV {#s2c}
--

We focused on the CV as a dynamic indicator to evaluate the variability of stride interval in the participants. CV represents the variability of time-series data, and is calculated as the standard deviation normalized to the mean value: CV = SD/Mean×100 \[%\]. The CV of healthy people is 1%--2.5%, and the CV of PD patients is 2.5%--4% [@pone.0112952-Hausdorff2].

DFA {#s2d}
---

We focused on the scaling exponent α as the other dynamic indicator to evaluate the fluctuation property. The scaling exponent α can be quantified by DFA as a long-range correlation in time series data [@pone.0112952-Peng1], [@pone.0112952-Peng2]. We selected this method because it can also be applied to relatively short intervals [@pone.0112952-Delignieres1].

If the α is nearly equal to 0.5, the time series is characterized by white noise. On the other hand, if α is near 1.0, the series is characterized by 1/*f* fluctuation and is suggested to be generated by chaos dynamics or limit cycle dynamics coupled with noise [@pone.0112952-Goldberger1]--[@pone.0112952-Ahn1]. The α of the stride interval at the preferred pace has been reported as 0.50--0.85 in PD patients [@pone.0112952-Hausdorff2], [@pone.0112952-Hausdorff4] and as 0.8--1.2 in healthy young people [@pone.0112952-Hausdorff7], [@pone.0112952-Hausdorff8]. In healthy elderly people, the α of the stride interval is decreased to 0.7--0.9, although the CV remains unchanged [@pone.0112952-Hausdorff3], [@pone.0112952-Hausdorff8], [@pone.0112952-Hausdorff9].

Linear discriminant analysis {#s2e}
----------------------------

Fisher's linear discriminant analysis was used with a combination of CV and α to obtain a function for dividing the measured data into two groups [@pone.0112952-Duda1].

The leave-one-out cross-validation method was used to estimate the classification rate, and the following were calculated: (1) accuracy, the rate of truly classified data among all data; (2) sensitivity, the accuracy rate for identifying positive data (participants with more severe symptoms); and (3) specificity, the accuracy rate for identifying negative data (participants with mild symptoms). To compare the individual contribution to the classification of CV and α, these two variables were normalized using a Z score, and the angle between the normalized CV axis and the boundary line was calculated by a linear discriminant function.

Classification of PRD {#s2f}
---------------------

Walking is controlled in parallel with posture and muscle-tone control [@pone.0112952-Takakusaki1]--[@pone.0112952-Takakusaki3]. Postural instability, which is one of the physical disabilities, can be often evaluated by the Berg Balance Test [@pone.0112952-Thorbahn1]. However, when considering gait dynamics, the pull test (30^th^ item in the Unified Parkinson's Disease Rating Scale) is the most suitable for estimating the ability of physical activities in walking [@pone.0112952-Bloem1]. Therefore, we focused on the pull test to identify the presence or absence of PRD and its severity. In the pull test, the shoulder of a PD patient is pulled backward and forward while the patient remains standing. An overview of the classification is shown in [Figure 1](#pone-0112952-g001){ref-type="fig"}. Performance on the pull test is associated with mH-Y, which is one of the clinical indicators used for the assessment of motor symptoms of PD [@pone.0112952-Goetz1].

![Classification of the severity of postural reflex disorder (PRD).](pone.0112952.g001){#pone-0112952-g001}

The scores in the original H-Y range from 1 to 5, in increments of 1. The mH-Y includes added stages 1.5, and 2.5 [@pone.0112952-Goetz1]. We separated participants into three groups based on their mH-Y score and performance on the pull test: mH-Y score of 2 or less with no problems on the pull test (no-PRD), mH-Y = 2.5 with signs of mild disorder on the pull test (mild-PRD), and mH-Y = 3 with obvious signs of disorder on the pull test (obvious-PRD). No-PRD was determined by a normal postural reflex in the pull test. Mild-PRD was defined by very mild postural impairment (suggestive, but not diagnostic; usually one or two steps before recovery from a postural threat) [@pone.0112952-Goetz1]. Obvious-PRD was determined by the presence of retropulsion, which is defined by (1) the appearance of more than three backward steps during the pull test, followed by unaided recovery, (2) the absence of postural reflex, or (3) the indication of falling if the examinee is not supported [@pone.0112952-Bloem1]. Although the examiner's decision regarding need of support in the pull test is subjective, we paid careful attention to the classification of PRD. All participants were examined by the same doctor in the same environment. Furthermore, the doctor is a PD expert who is authorized by the Japanese Society of Neurology. Therefore, the results of the mH-Y staging were reproducible.

We first classified participants according to the presence and absence of PRD (Classification 1 in [Figure 1](#pone-0112952-g001){ref-type="fig"}, see [Table 1](#pone-0112952-t001){ref-type="table"}). This classification segregated the no-PRD group (17 healthy elderly people and two PD patients, one with an mH-Y score of 1 and one with a score of 1.5) from the PRD group. We then divided the PRD group of patients into the mild-PRD and obvious-PRD groups (Classification 2 in [Figure 1](#pone-0112952-g001){ref-type="fig"}, see [Table 1](#pone-0112952-t001){ref-type="table"}).

Results {#s3}
=======

[Figure 2](#pone-0112952-g002){ref-type="fig"} shows a sample result of the gait analysis, including the stride interval time series and the result of DFA. The CV of the stride interval was larger in PD patients with PRD ([Figure 2A, B](#pone-0112952-g002){ref-type="fig"}) than in healthy people ([Figure 2C](#pone-0112952-g002){ref-type="fig"}). The α of the stride interval ([Figure 2A](#pone-0112952-g002){ref-type="fig"}) was lower in PD patients with obvious-PRD than in PD patients with mild-PRD ([Figure 2B](#pone-0112952-g002){ref-type="fig"}), in PD patients with no-PRD ([Figure 2C](#pone-0112952-g002){ref-type="fig"}), or in healthy elderly people ([Figure 2D](#pone-0112952-g002){ref-type="fig"}).

![A sample of the stride interval and the fluctuation relative to box size.\
(A) PD patient with obvious postural reflex disorder (mH-Y score, 3; age 76 years; male). (B) PD patient with mild postural reflex disorder (mH-Y score, 2.5; age, 70 years; male). (C) PD patient with no postural reflex disorder (mH-Y score, 2; age, 76 years; male). (D) Healthy elderly person (age. 71 years; male).](pone.0112952.g002){#pone-0112952-g002}

Classification 1: The presence or absence of PRD {#s3a}
------------------------------------------------

First, we classified the PD patients and healthy elderly people into two groups according to the presence or absence of PRD. The no-PRD group comprised healthy elderly participants and PD patients with an mH-Y score of 1--2, and the PRD group comprised PD patients with an mH-Y score of 2.5--3. [Figure 3A](#pone-0112952-g003){ref-type="fig"} shows the distribution of all participants' data for the feature space configured by CV and α of the stride interval; namely, (CV, α) plane. The x-axis represents CV, and the y-axis represents α. The blue points represent the data for the no-PRD group, and the green points represent the data for the PRD group. On the y-axis of α in [Figure 3A](#pone-0112952-g003){ref-type="fig"}, the data for each group overlapped between 0.5 and 1.0. In contrast, the no-PRD group data were distributed in a scattered pattern in the low-CV area, and the data for the PRD group were scattered in the high-CV area.

![Classification according to the presence or absence of postural reflex disorder.\
The no postural reflex disorder group (no-PRD) is indicated by blue points, and the postural reflex disorder group (PRD) is indicated by green points. The x-axis represents the CV, and the y-axis represents α. The data for the no-PRD group are distributed in a small CV region around 2%, whereas those for the PRD group are distributed in a large CV region roughly from 2.5% to 5%. The two groups have a wide and overlapping distribution of α. (A) Distribution of the original data. (B) Distribution of the normalized data. The solid line represents the boundary between the no-PRD group and the PRD group.](pone.0112952.g003){#pone-0112952-g003}

[Figure 3B](#pone-0112952-g003){ref-type="fig"} shows the distribution of normalized data, to indicate which axis contributes to the classification of the two groups regardless of the variation in each axis. The solid line represents the boundary line between the two groups. When we defined the no-PRD group as negative and the PRD group as positive, the accuracy was 74%, the sensitivity was 50%, and the specificity was 92%. The angle between the normalized CV axis and the boundary line shown in [Figure 3B](#pone-0112952-g003){ref-type="fig"} was 91°. The large angle observed between the normalized CV axis and the boundary line suggests that the CV can be used to differentiate between the presence and absence of PRD.

Classification 2: Obvious-PRD or mild-PRD {#s3b}
-----------------------------------------

Next, we focused on the two PRD groups: obvious-PRD and mild-PRD. The mild-PRD group comprised PD patients with an mH-Y score of 2.5, and the obvious-PRD group comprised PD patients with an mH-Y score of 3. [Figure 4A](#pone-0112952-g004){ref-type="fig"} shows the distribution of data of the PRD group in CV, α) plane. The red points represent the data for the mild-PRD group, and the light-green points represent the data for the obvious-PRD group. On the x-axis of CV in [Figure 4A](#pone-0112952-g004){ref-type="fig"}, the data for both groups overlap between 2.5 and 6.0. By contrast, the α for the mild-PRD group tended to scatter near 1.0 (i.e., the 1/*f*-like fluctuation property was observed), and the α for the obvious-PRD group tended to scatter around 0.6 (i.e., the 1/*f*-like fluctuation property was detected less often).

![Classification of obvious and mild postural reflex disorder.\
The mild postural reflex disorder group (mild-PRD) is indicated by red points, and the obvious postural reflex disorder group (obvious-PRD) is indicated by light-green points. The x-axis represents the CV, and the y-axis represents α. (A) Distribution of the original data. (B) Distribution of the normalized data. The solid line represents the boundary between the mild-PRD and obvious-PRD groups.](pone.0112952.g004){#pone-0112952-g004}

When we defined the mild-PRD group as negative and the obvious-PRD group as positive, the accuracy was 69%, the sensitivity was 80%, and the specificity was 55%. The solid line represents the boundary line between the two groups, and the dashed line represents a horizontal line that corresponds to the average level of the original value of α. The angle between the normalized CV axis and the boundary line shown in [Figure 4B](#pone-0112952-g004){ref-type="fig"} was 5.7°. The small angle observed between the normalized CV axis and the boundary line suggests that α can be used to differentiate obvious-PRD from mild-PRD.

Discussion {#s4}
==========

In this study, we used CV to evaluate the variability of gait rhythm, and the scaling exponent α to evaluate the fluctuation property of gait rhythm. These are two important indicators of neural rhythm generation disorders in PD patients. We performed a linear discriminant analysis based on a combination of CV and α to differentiate between the presence and absence of PRD, and between obvious-PRD and mild-PRD. As a result, CV differentiated between the presence and absence of PRD, indicating the strong correlation between the change of CV and symptoms of PRD. Considering that the mechanism of PRD is independent of the neural rhythmic activities, this result suggests the existence of feedback process from physical activities to neural rhythmic activities. Furthermore, α differentiated between mild-PRD and obvious-PRD. Considering α reflects the strength of interaction or relationship between factors, this result suggests the existence of interaction between physical activities and neural rhythmic activities. Therefore, the interaction between neural rhythmic activities and physical activities is thought to play an important role for gait disabilities in PD.

We now discuss the relationship between neural rhythm generation disorders and physical disabilities based on the results obtained in this study. [Figure 5](#pone-0112952-g005){ref-type="fig"} summarizes the results of the classification used in this study. CV and α are dynamic indicators of neural rhythm generation disorders, and PRD is a clinical indicator of the severity of a physical disability. Area A in [Figure 5](#pone-0112952-g005){ref-type="fig"} represents a low CV: i.e., the variability of the gait rhythm of the participants was small. Moreover, the participants who appeared in this area had no symptoms of PRD. Area B represents a large CV and a high α: i.e., the variability was large but the 1/*f*-like fluctuation property was observed. In addition, these patients had mild symptoms of PRD. Area C represents a large CV and a low α: i.e., the variability of the gait rhythm of the patients was large, and the 1/*f*-like fluctuation property was not observed. In addition, these patients showed obvious symptoms of PRD.

![Concept of the evaluation platform.\
The x-axis is related to the CV of the stride interval, and the y-axis is related to the α of the stride interval. PRD, postural reflex disorder.](pone.0112952.g005){#pone-0112952-g005}

When considering the manner in which neural rhythm generation disorders progress during the transition from the healthy state to obvious-PRD, we find an important factor in walking. At first, the patient's gait rhythm tends to transfer from the area A to area B in (CV, α) plane during the transition from no-PRD to mild-PRD. This result shows that there are strong correlation between the occurrence of PRD and the increase of CV. It might be natural to be considered that the change of neural rhythm generation give rise to the disabilities for physical activity. However the mechanism of PRD is independent of development of neural rhythmic generation, because the enhancement and suppression function of the muscle tone, which is related to the occurrence of PRD, is considered to work in parallel with the function of gait rhythm generation [@pone.0112952-Takakusaki1]--[@pone.0112952-Takakusaki3]. Therefore, this means that physical activity is fed back to neural rhythm activity in walking. Considering the fact that neural rhythmic activity always affects the physical activity, our result suggests the existence of interaction between neural rhythmic activity and physical activity. Next, the gait rhythm tends to transfer from area B to area C during the transition from mild-PRD to PRD. This shows that there are strong correlation between progression of the severity of PRD and the decrease of α. In other words, this transition is observed as the weakening process of the 1/*f* fluctuation from the state we can observe the 1/*f* fluctuation. The 1/*f* fluctuation property is defined by the frequency spectrum whose power is proportional to the inverse of frequency. In general, 1/*f*-like fluctuation is mainly generated by the interaction between multiple factors [@pone.0112952-Hausdorff5], [@pone.0112952-Goldberger1]--[@pone.0112952-Hausdorff8]. Therefore, the change of time series structure of the gait rhythm can be regarded as the intensity change of interaction. This result suggests that the intensity of interaction on the mechanism of gait rhythm generation is weakened by the progression of severity of PRD. This complement the fact that the interaction between neural rhythmic activity and physical activity plays an important role in gait rhythm generation.

When considering all these points, we summarize the development mechanism of gait rhythm generation disorders. The gait rhythm of the patients in area A (small CV) in [Figure 5](#pone-0112952-g005){ref-type="fig"} represented the state without physical disabilities. The gait rhythm of the patients in area B (large CV, high α) represented the state that is controlled mainly by the interaction between neural rhythmic and physical activities against the physical disabilities. The gait rhythm of the patients in area C (large CV, low α) represented the destabilized state in response to weakening of the interaction between neural rhythmic and physical activities. These findings suggest that it is possible to construct an evaluation platform for neural rhythm generation disorders by combining the CV and α parameters, and to use this system to evaluate the progression of physical disabilities.

This information on [Figure 5](#pone-0112952-g005){ref-type="fig"} may provide clues for evaluating the progress of PD patients during rehabilitation using RAS gait training or WalkMate gait training. RAS gait training decreases CV [@pone.0112952-Hausdorff4], [@pone.0112952-Hausdorff6]. This type of gait training may improve the first progression involving variability of gait rhythm: i.e., transition from the right half-plane (area B or area C) to the left half-plane (area A) in (CV, α) plane. On the other hand, the WalkMate gait training increases the 1/*f*-like fluctuation property [@pone.0112952-Hove1], [@pone.0112952-Uchitomi1]. This type of gait training may improve the second progression involving the fluctuation property: i.e., the transition from area C to area B. Therefore, based on this platform, we were able to extract information not only on the presence or absence of PRD, but also on the severity of PRD using (CV, α) plane for evaluating neural rhythm generation disorders. Using this system to evaluate neural rhythm generation disorders may help physical therapists to choose a rehabilitation method that fits the severity of the patients' physical disabilities.
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